Coherent anti-Stokes Raman scattering (CARS) is a four-wave mixing phenomenon that derives its signal from the third-order nonlinear susceptibility of a medium. Several distinct characteristics, including high spatial resolution, high sensitivity, and label-free chemical specificity make CARS microscopy potentially ideal for noninvasively imaging chemically complex systems. There has been an upsurge in CARS microscopy development activity since Zumbusch et al. [1] demonstrated a collinear optical configuration in 1999. Since that time, researchers have exploited very well the advantages of singlefrequency CARS microscopy, such as high spatial resolution and rapid data acquisition [2] . While single-frequency CARS microscopy is very powerful for spectrally well-separated chemical species, chemical imaging of complex samples such as an intracellular medium will require broadband spectral sensitivity over the "fingerprint" frequency range of 500 to 2000 cm −1 . Methods developed for increased spectral bandwidth include single-pulse [3, 4] , multiplex [5, 6] , and broadband [7] [8] [9] CARS microscopy techniques. Single-pulse CARS uses a single tailored pulse to generate CARS spectra as broad as 1300 cm −1 through a "3-color" mechanism, which is represented in Fig. 1(a) . Multiplex and broadband CARS have the commonality that both techniques use synchronized narrowband and broadband pulses and generate a CARS signal via the "2-color" process depicted in Fig. 1(a) . In these approaches the narrowband pulse serves as pump and probe, and the broadband pulse stimulates the Stokes process. Meanwhile, recent reports [9, 10] on broadband CARS discuss the "3-color" contribution to the time-delayed broadband CARS spectra, where a continuum pulse impulsively promotes molecules to vibrationally excited states and a delayed narrowband pulse induces CARS emission. However, the relative 2-and 3-color CARS contributions in a 2-pulse multiplex or a broadband CARS spectrum have not been quantitatively characterized. In this Letter we evaluate the 3-color CARS signal generated simultaneously with 2-color CARS in a 2-pulse broadband CARS spectrum by observing separated Raman shift ranges, laser power dependences, and chirping dependences.
The experimental setup of the 2-pulse broadband CARS is similar to our previous arrangement [7, 11] . Briefly, as shown in Fig. 1(b) , the output of a Ti:sapphire laser oscillator (Mira 900F, Coherent) [12] was split into two parts. 300 mW of the oscillator output was introduced into a photonic crystal fiber (Crystal Fibre, Femtowhite) to generate a continuum that is used without pulse compression. The remaining oscillator output light was passed through a bandpass filter (⌬ = 1.5 nm, corresponding to ⌬ =25 cm −1 ). The continuum and narrowband beams were focused onto the sample with a 1.3 NA oil immersion objective lens. The generated CARS signal was analyzed by a CCD spectrometer (Roper Scientific, PhotonMax).
Figure 1(c) shows a CARS spectrum of benzonitrile excited using a continuum pulse with no spectral intensity at wavelengths shorter than 850 nm and a narrowband pulse at 767 nm. The anti-Stokes signal at Ͻ1300 cm −1 cannot be generated by 2-color CARS because the short-wavelength continuum light is blocked. The spectral bandwidth of the continuum pulse can support impulsive vibrational excitation up to 1300 cm −1 , and thus the low-frequency CARS signal could be generated by a 3-color mechanism. Figure 2 gives further evidence for the 3-color mechanism at low Raman shift. In both panels of Fig. 2 , the higher-frequency CARS signal shows a clear timedelay dependence of the spectra as a function of pulse temporal separation, which is expected for a 2-color mechanism [13] and reflects the degree of chirp in the broadband pulse [group velocity dispersion (GVD) of approximately 3 ϫ 10 4 fs 2 ]. The low-frequency component has no such time delay dependence, consistent with a 3-color signal generation. Figures 2(a) and 2(b) differ only in that the continuum light is conditioned with an 850 and an 800 nm long-pass filter, respectively. The 2-color CARS signal is extended to lower frequency, and the 3-color signal is extended to slightly higher frequency in Fig. 2(b) , as expected under the proposed mechanisms. It is significant that we observe a relatively strong 3-color CARS signal, even with a continuum pulse that has GVD of 3 ϫ 10 4 fs 2 , as ours does. This suggests that many of the broadband CARS spectra in the literature are likely to contain both 2-and 3-color contributions in the low Raman shift region.
The CARS nonlinear polarizations for the 2-and 3-color mechanisms are given by
͑2͒
where E n and E c are the narrowband and continuum laser fields, respectively; n is the frequency of the narrowband laser; ⍀ is the Raman shift frequency; ⍀ R is the frequency of the Raman active mode in the medium; ⌫ is the spontaneous Raman linewidth; and
Equations (1) and (2) indicate that the 2-and 3-color CARS signals have different dependences on narrowband and continuum laser pulse powers. Figures 3(a)-3(d) demonstrate a quadratic dependence of the 3-color CARS signal on the continuum power and a linear dependence on the narrowband pulse power, as measured at an antiStokes shift of 900 cm −1 . The converse power dependence is observed at 3000 cm −1 , supporting the 2-and 3-color CARS signal generation schemes at the highand low-frequency range, respectively.
Besides the laser power dependence, Eqs. (1) and (2) suggest that chirp of the continuum pulse affects the spectral range and amplitude of the 2-and 3-color CARS signals differently. The chirping effect of the broadband pulse is demonstrated using a multiplex CARS system [14] , which allows better control of dispersion of the femtosecond pulse than the strongly Fig. 2 . CARS spectra of a glass coverslip as a function of time delay between the continuum and the narrowband pulses. (a) The wavelength of the continuum is longer than 850 nm, which is equivalent to Ͼ1300 cm −1 . (b) The wavelength of the continuum is longer than 800 nm, which is equivalent to Ͼ500 cm −1 . The intensity scales are linear and the same in range. dispersed multimode continuum light generated from a photonic crystal fiber. Figure 4(a) shows the CARS spectra of a benzonitrile solution excited by femtosecond pulses of different GVD controlled by a prism pair compressor. The 2-color CARS spectrum at the high Raman shift region remains unchanged with increased chirping because the pulse width of the dispersed pulse is still shorter than that of the narrowband pulse. In contrast, the 3-color CARS spectrum at the low Raman shifts shows significant decrease in both signal intensity and spectral range by increasing GVD. This chirping dependence of the 3-color CARS spectrum by a femtosecond pulse with a FWHM of 500 cm −1 and GVD or 1000 fs 2 strongly suggests that optimal compression of the continuum pulse with a broader spectrum ͑FWHMϾ 2000 cm −1 ͒ and a greater dispersion ͑GVD= 3 ϫ 10 4 fs 2 ͒ can significantly increase the signal intensity and the spectral coverage of the 3-color CARS signal in broadband CARS.
Because CARS is a multiphoton process, the signal intensity becomes stronger when laser pulses have higher peak intensity. However, the high peak intensity of picosecond and femtosecond laser pulses can induce photodamage in live cells, setting limits on signal levels [15] [16] [17] [18] . Since the pulse width of the probe pulse cannot be much shorter than Raman linewidths (typically ϳ10 cm −1 ) for an acceptable ratio of resonant and nonresonant components, we examine the effect of the pulse width of a broadband pulse on 2-and 3-color CARS. Figure 4 (c) shows 2-color CARS spectra calculated for transformlimited continuum pulses of 750 and 1500 cm −1 FWHM keeping the same photodamage rate, which is assumed to be proportional to P 2.5 / 1.5 [16] , where P is the time-averaged power and is the laser pulse width. The shorter continuum pulse exhibits an increase in measurable spectral range but a relatively large decrease in signal intensity. In contrast, the 3-color CARS spectra in Fig. 4(b) exhibit a significant increase in both the signal intensity and the measurable spectral range for the spectrally broader continuum pulse. Thus, 3-color CARS shows the potential to achieve both high signal intensity and a broad Raman spectrum covering the fingerprint region as well as a relatively low photodamage rate of live cells.
In conclusion, we have demonstrated that a 2-pulse broadband CARS spectrum can contain two different CARS generation mechanisms. The 3-color CARS mechanism can be exploited to generate CARS spectra covering the fingerprint region in a way that will minimize potential photodamage effects to live cells.
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